We show that sub-Poisson photoelectrons can result from the finite relaxation time of the fundamental photoelectron-emitting entities, which could be individual atoms, or valence-band electrons, etc. , depending on the type of the detectors. After [2] . In addition to serving as one of the fundamental manifestations of various nonclassical feature of light, the generation of photoelectrons with fluctuations below the standard quantum limit has potential applications on coherent light communications, as well as precision measurements [2] .In the study of the properties of light, photoelectric effect is probably the most commonly used way to perform practical measurements, due to the fact that a photon number of a quantum state of light is not subject to direct detection. However, the generation of photoelectron s is a quantummechanical process, and is therefore inherently probabilistic.
Since its earliest experimental realizations [I] , subPoisson photoelectron statistics has acquired substantial attention [2] . In addition to serving as one of the fundamental manifestations of various nonclassical feature of light, the generation of photoelectrons with fluctuations below the standard quantum limit has potential applications on coherent light communications, as well as precision measurements [2] .In the study of the properties of light, photoelectric effect is probably the most commonly used way to perform practical measurements, due to the fact that a photon number of a quantum state of light is not subject to direct detection. However, the generation of photoelectron s is a quantummechanical process, and is therefore inherently probabilistic.
The ways to recover the precise properties of the light under study, from the outcomes of the stochastic photoelectric process, remains a subject of interest. In particular, the states of light that are able to generate sub-Poisson photoelectrons have been under intensive investigations. On the other hand, how to reduce the quantum fluctuations introduced by the transformation of optical signals to electric signals, due to the probabilistic nature discussed above, is crucial from the point of view of applications. The noise reduction below the standard quantum limit [3] achieved in the various nonclassical light has therefore been one of the main motivations for the study of this subject.
In this paper, we shall take a somewhat different approach to the generation of sub-Poisson photoelectrons. Obviously, the statistics of photoelectrons is not only a property of the light that generates them, but also depends on the reaction of the photodetector to the light. In fact, it is the detector that emits electric current carriers which ultimately give rise to the photoelectron counts. In most of the previous theoretical studies, the detector dependence is so idealized that the final result depends on the properties of the light only. This idealization is in fact the underlining basis for the interpretation of optical coherence functions as the joint photoelectron detection probabilities [4] .In our study, however, we found that the statistics of photoelectrons is in general a function of the response of the detecting materials to the incoming light waves, and could differ substantially for the same state of light. In particular, we found that sub-Poisson photoelectron statistics emerges naturally in the circumstance of absorption saturation. In other words, in order to get photocurrents with signal-to-noise ratio below the standard quantum limit, one can simply run the phototube in the saturation regime.
Since our main purpose is to emphasize the detector de- show that this character survives in the case of many atoms.
As stated before, an atom will alternate between two states, neutral atom and positively charged ion, when interacting with the external light. We call these two states 1 and 2, respectively. Let the transition probability from 1 to 2 during a small time interval dt be equal to P ]dt, and the transition probability from 2 to 1 Xzdt. Thus the lifetimes of state 1 and 2 are 1/X& and 1/X2, respectively. A photoelectron count is registered when a transition from 1 to 2 happens. Let m be the number of such transitions during a given time period T. We need to calculate P (T), the probability distribution of m within a time period T. To do so, we first introduce two quantities Q' (t), i = 1,2. They are defined to be the probability densities that the total time period spent in m of state i intervals combined together is between t and t+ dt. They are given by f 5] () r)/ll i When m is much larger, they can be approximated by normal distributions:
with variances and means given by p, ;=m/X;, o. , =m/X, . Now we define another quantity Q (t) to be the probability density that the mth photoelectron count happens between t and t+ dr. Clearly, Q (t)dt is equal to the probability that, after m of 1 and 2 state intervals (they are alternating), the total time spent is between t and t+ dt. Therefore In other words, the sub-Poisson character of one atom statistic is transferred exactly to the statistics of a large number of atoms. It is interesting to note that even though M is a subPoisson random variable, there is no antibunching effect between successive counts after the superposition. This is because for the majority of the cases, two successive counts are from different atoms, and there should be no correlations between them. Therefore, many atom photoelectron counts and a Poisson process with equal intensity share the same intercount interval probability distribution. The distinction lies in the fact that the first has memory, while the latter has not. We also note that the Fano factor is significantly smaller than 1 only when XI and X. 2 are comparable. This is precisely the condition for absorption saturation to occur, since the absorption cross section of the incoming light is proportional to the fraction of neutral atoms, which is equal to X.2/()1. 1+ k2).
In the following, we will apply the results of the above calculations to the more commonly used semiconductor detectors. In a semiconductor material under photoillumination, a valence-band electron would make a direct transition to the conduction-band level with the same crystal momentum, and leave a hole in the valence band. Assuming that the photodetector does not exihibit gain [9] , then each such transition will result in one photoelectron count. After a certain moment, which we call the hole lifetime, the empty valence state (hole) will capture an electron in the conduction band through various recombination processes. Therefore, each valence-band level interacting with the incoming light will alternate between two states, occupied and empty, analogous to an atom considered before. We can then identify the transition rates X. &, X2 discussed above as the rate at which a valence electron makes a upward direct transition, and the rate at which an empty valence state captures an electron, respectively. We shall obtain k& and k2 in terms of the intrinsic material parameters of the semiconductor.
Since the crystal momentum k is conserved in optical transitions, the only possible final state to which a valence electron can make a transition by a photon absorption is the one in the conduction band with the same k. We denote the valence and conduction states~v k) and~ck), respectively.
The resonance frequency of the transition is assumed to be coo. Let P(co) be the photon flux density at frequency co. We have [9] ETC ) 1= @(~O) 2 
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where c is the light velocity and~, is the spontaneous radiative decay lifetime from~ck) to~v k), which can be expressed in terms of the momentum matrix elements between these two states. Here we make a simplification by assuming that the photon flux density P(co) takes a square form, with a narrow full width 5 and central frequency~* . In other words, @(co) is equal to P for co* -b./2(to(su*+ b, /2, and zero otherwise. Then N, defined as the total number of valence-band states which interact with the photon flux and which could make upward transitions, is equal to where pJ(co) is the optical joint density of states per unit volume and unit frequencies. Let us define further a quantity f as the fraction of the N states that remains in the valence band under illumination. In stationary states, the electronhole generation rate has to be equal to their recombination rate. The recombination rate in the whole material is equal to rnpV, where r is an intrinsic material parameter which includes both radiative and nonradiative (usually the case) recombination processes [9] . V is the volume under illumination and n, p are the electron and hole concentrations. (kt+ k2). Therefore we have the ratio between P t and X2, once f is know, by the relation Finally we recall that the Fano factor of the photoelectron generated by the photon Aux is completely determined by this ratio, which is now expressed in terms of three fundamental material parameters: the spontaneous emission lifetime 7. "ofthe conduction electron, the intrinsic recombination rate r, and the joint density of state at illumination peak frequency pJ(to*). In Fig. 1 , we plot the Fano factor FM against the dimensionless photon fiux density y. The maximal noise reduction F~= 1/2 is achieved when y= 1/2.
In conclusion, the photoelectron statistics of a photodetector with finite relaxation time is derived. It is shown that the variance to mean ratio of photoelectron counts during an arbitrary time period can be significantly reduced below the standard quantum limit when the light absorption is saturated. In this paper we assumed, however, that the second order coherence time T, is much smaller than the mean temporal separation between two successive photoelectron counts. In other words, we consider the cases where Poisson 
